Topological semimetals have energy bands near the Fermi energy sticking together at isolated points/lines/planes in the momentum space, which are often accompanied by stable surface states and intriguing bulk topological responses. Although it has been known that certain crystalline symmetries play an important role in protecting band degeneracy, a general recipe for stabilizing the degeneracy, especially in the presence of spin-orbit coupling, is still lacking. Here we show that a class of novel topological semimetals with point/line nodes can emerge in the presence of an off-centered rotation/mirror symmetry whose symmetry line/plane is displaced from the center of other symmorphic symmetries in nonsymmorphic crystals. Due to the partial translation perpendicular to the rotation axis/mirror plane, an off-centered rotation/mirror symmetry always forces two energy bands to stick together and form a doublet pair in the relevant invariant line/plane in momentum space. Such a doublet pair provides a basic building block for emerging topological semimetals with point/line nodes in systems with strong spin-orbit coupling. 1 arXiv:1604.00843v3 [cond-mat.mtrl-sci]
Dirac particles with a pseudo-relativistic energy dispersion has come to the fore in condensed matter physic research after the discovery of graphene. 1 To protect the four-fold degeneracy at a Dirac point in graphene, two conditions should be satisfied. One is the simultaneous presence of time-reversal (T ) and inversion (P ) symmetries, and the other is the absence of spin-orbit coupling.
When these two conditions are satisfied at the same time, the Berry phase around a Dirac point has a quantized value of π, which guarantees the stability of the Dirac point.
Recently, there have been extensive efforts to extend the physics of the two-dimensional (2D) graphene to three-dimensional (3D) systems. [2] [3] [4] [5] [6] [7] [8] [9] [10] A natural starting point is to search for a 3D Dirac point protected by the P T symmetry and the associated π Berry phase. Interestingly, however, it is found that the P T symmetry protects a Dirac line node, instead of a Dirac point, which gives rise to a 3D semimetal with Dirac line nodes where four-fold band degeneracy occurs along a line in momentum space. [2] [3] [4] As in the case of graphene, such a Dirac line node protected by the P T symmetry is unstable in the presence of the spin-orbit coupling. It is also reported that a Dirac line node can exist in systems with a mirror symmetry when two bands with different mirror eigenvalues cross in the mirror plane. [5] [6] [7] However, the resulting line node is also unstable once the spin-orbit coupling is turned on.
In fact, the existence of a 3D Dirac point in systems with the spin-orbit coupling requires the introduction of additional crystalline symmetries other than the time-reversal and the inversion symmetries. [11] [12] [13] [14] [15] [16] Up to now, two different recipes are known to yield 3D Dirac semimetals with point nodes. One is to introduce an additional uniaxial rotation symmetry where 3D Dirac points can occur when two bands with different rotation eigenvalues cross on the rotation axis. [13] [14] [15] Cd 3 As 2 and Na 3 Bi belong to this class. [17] [18] [19] [20] [21] [22] Although a Dirac point does not carry a nonzero monopole charge which protects a Weyl point in the case of Weyl semimetals, the rotation symmetry provides an integer topological charge at the Dirac point, thus guarantees its stability. 16 The second recipe is to introduce an additional nonsymmorphic symmetry such as glide mirrors or screw rotations. When the double point group of a crystal possesses a four dimensional irreducible representation, a Dirac point can appear at the Brillouin zone (BZ) boundary. 11, 12 For several representative space groups, projective symmetry group analyses have been performed, which suggests β-BiO 2 11 and distorted spinel compounds 12 as candidate systems of 3D Dirac semimetals belonging to this class. Since each Dirac point is protected by different combination of crystalline symmetries depending on the space group of the crystal, careful symmetry analysis is required, case by case, to find the relevant topological charge of each Dirac point.
In this paper, we propose an alternative mechanism to realize novel 3D semimetals with Dirac point/line nodes in systems with strong spin-orbit coupling as well as P and T symmetries. To protect nodal points/lines with four-fold degeneracy, we find that off-centered crystalline symmetries play a crucial role. In contrast to the case of ordinary glide mirror or screw rotation symmetries having a partial translation in the invariant space of the associated point group symmetry, an offcentered rotation/mirror symmetry involves a partial translation that is orthogonal to the invariant space. In centrosymmetric crystals, such an off-centered symmetry naturally arises as a combination of a screw/glide symmetry and inversion symmetry P . An off-centered mirror/rotation symmetry possesses the characteristics of both the symmorphic and nonsymmorphic symmetries.
Namely, it has momentum independent quantized eigenvalues, whereas its commutation relation with inversion symmetry P depends on the momentum. Due to such a mixed nature of the offcentered symmetry, a pair of bands, each with Kramers degeneracy, form a doublet pair in its invariant space in the first BZ, and provide a basic building block for nodal points/lines. Similarly, when the rotation axis (mirror plane) of a screw (glide) symmetry does not pass the inversion center, an off-centered screw (glide) symmetry can be defined, which also leads to doublet pair formation and emerging Dirac points (lines) in the relevant invariant space. When an external magnetic field is applied to these semimetals, a Dirac-type point/line node with four-fold degeneracy splits into two Weyl-type point/line nodes with two-fold degeneracy, with emergent surface states connecting the split nodes.
Results
Nature of off-centered rotation/mirror symmetries.
Generally, a nonsymmorphic symmetry element g = {g|t} is composed of a point group symmetry operation g and a partial lattice translation t = t ⊥ + t where t (t ⊥ ) is the component invariant (variant) under the point symmetry operation g. 41 For instance, in the case of a nonsymmorphic mirror symmetry M = {M |t}, we have
Since M 2 = −1 (M 2 = +1) for particles with a half-integer (integer) spin, when the nonsymmorphic mirror symmetry M = {M |t} is operated twice, it should be an element of the lattice translation group, i.e., {M |t} 2 = M 2 |2t ∈ T where T is the group of the pure lattice transla-tion of a given crystal. Thus 2t should be a unit lattice translation in the mirror invariant plane whereas t ⊥ is not influenced by the constraint above.
In fact, t ⊥ is a fragile quantity whose value depends on the choice of the reference point of the point group symmetry operation. For instance, if the reference point for the point group symmetry operation is shifted by d = d ⊥ +d , the nonsymmorphic mirror symmetry {M |t} also translates to {M |t − 2d ⊥ }. Thus by choosing 2d ⊥ = t ⊥ , the perpendicular component of the partial translation can be erased. The resulting nonsymmorphic mirror symmetry is conventionally considered as the definition of a glide mirror symmetry M ≡ M |t .
However, t ⊥ can also play a nontrivial role in the presence of an additional point group symmetry {g|t } centered at a different reference point with t ⊥ = t ⊥ modulo unit lattice translation.
For instance, one can choose the inversion center as the reference point of the point group symmetry, thus inversion is given by {P |0} whereas the nonsymmorphic mirror is {M |t}. Here the important point is that an additional shift of the reference point affects the form of the two operators simultaneously. Namely, under the shift of the reference point by d = d ⊥ + d , the two symmetry operators transform as {M |t} −→ {M |t − 2d ⊥ } and {P |0} −→ P | − 2d ⊥ − 2d , which indicates that even if t ⊥ is subtracted from the nonsymmorphic mirror symmetry by choosing 2d ⊥ = t ⊥ , it preserves its identity in conjunction with the inversion symmetry P . Therefore in systems with the inversion symmetry, an off-centered mirror symmetry, defined as
deserves a separate consideration.
An off-centered rotation symmetry can also be defined in a similar way. A generic nonsymmorphic rotation symmetry element C n = {C n |t} (n = 2, 3, 4, 6) satisfies
where C n denotes the n-fold rotation symmetry and t ⊥ is a partial translation rotated by C n sat-
. Since C n fulfills C n n = −1 (C n n = +1) for particles with a half-integer (integer) spin, a nonsymmorphic rotation symmetry {C n |t} is under the following constraint, {C n |t} n = C n n |nt ∈ T, thus t should have the form of t = p nâ p = 0, 1, ..., n − 1 whereâ is the unit translation along the rotation axis. Again, t ⊥ is not constrained in this case.
If the reference point for the point group symmetry operation is shifted by
the nonsymmorphic rotation symmetry {C n |t} also transforms to
can be removed, leading to a conventional screw rotation symmetry C n ≡ {C n |t }. However, in the presence of an additional point group symmetry centered at a different reference point, such as {P |0}, an off-centered nonsymmorphic rotation
can be defined, and the partial translation t ⊥ can cause intriguing physical consequences as shown in the following.
Point nodes protected by off-centered rotation symmetries.
In electronic systems having both time-reversal and inversion symmetries, eigenstates are doubly degenerate at any momentum. Due to level repulsion between degenerate bands, accidental band degeneracy is lifted unless additional crystalline symmetry is supplemented. 15 Here we
show that the presence of an off-centered symmetry creates symmetry-protected band degeneracy at the BZ boundary. For simplicity, let us first introduce an off-centered two-fold rotation
} to an orthorhombic crystal with T and P symmetries. Herex,ŷ,ẑ denote the unit lattice vectors in the x, y, z directions, respectively. To understand the origin of band degeneracy, let us examine how a spatial coordinate r = (x, y, z) transforms under
One can see that since C ⊥ 2z 2 does not accompany a partial translation, it is actually equivalent to a symmorphic operation C 2 2z , which leads to C ⊥ 2z 2 = −1 independent of the spatial coordinate.
Thus at the momentum k invariant under C ⊥ 2z , each band |Ψ(k) can be labelled by the momentum independent
, a state |Ψ(k) on any of these lines carries a constant C ⊥ 2z eigenvalue. This can be contrasted to the case of a two-fold screw rotation
Along the line invariant under C 2z , the relevant eigenstates satisfy C 2z |Ψ ± (k) = ±ie
Due to the momentum dependence of the eigenvalues, the two different C 2z eigensectors should be interchanged when the momentum k z is shifted by 2π. Now we consider the combined effect of P and C ⊥ 2z . From the combined transformations
we obtain
Thus along the two C
Moreover, since the time-reversal symmetry T commutes with both P and C ⊥ 2z , we obtain { C ⊥ 2z , P T } = 0, which gives rise to
Thus |Ψ ± (k) and P T |Ψ ± (k) , which are locally degenerate at the momentum k, have the same C ⊥ 2z eigenvalues of ±i. Therefore when two degenerate bands having different C ⊥ 2z eigenvalues cross, the resulting band crossing point is protected and forms a 3D Dirac point with four-fold degeneracy.
For comparison, let us consider a similar problem in systems with a two-fold screw rotation
}. It is straightforward to show that C 2z P |Ψ(k) = e ikz P C 2z |Ψ(k) . Then along the line invariant under C 2z , where
which show that the degenerate states |Ψ ± (k) and P T |Ψ ± (k) belong to different eigensectors of C 2z symmetry. Therefore, when two bands, each of which is doubly degenerate, touch, there always is some finite hybridization between degenerate bands. Thus C 2z symmetry cannot protect a stable Dirac point at a generic momentum. One exception is when the band crossing happens at the time-reversal invariant momentum (TRIM) with k z = π. In this case, two bands having the same C 2z eigenvalues form a Kramers pair, and two Kramers pairs having different C 2z eigenvalues are connected by P , leading to four-fold degeneracy. 24 However, such a degeneracy point does not form a 3D Dirac point. Instead, it becomes a part of a line node in the k z = π plane protected by
In fact, the anticommutation relation between P and C ⊥ 2z puts a strong constraint on the band structure along the C ⊥ 2z invariant axis. Considering
one can find that two energetically degenerate states |Ψ ± (k) and P |Ψ ± (k) , which are located at k and −k, respectively, have the opposite C ⊥ 2z eigenvalues. Let us recall that at each momentum k, a Kramers pair should have the same C ⊥ 2z eigenvalue. This means that on the C ⊥ 2z invariant axis where {P, C ⊥ 2z } = 0 is satisfied, there should be a pair of degenerate bands with different C ⊥ 2z eigenvalues, which we call a doublet pair. Since a doublet pair should form a band structure which is symmetric with respect to a TRIM, they should be degenerate at the two TRIMs on the C ⊥ 2z invariant axis as shown in Fig. 1 (a) and (b). Here each of the degenerate points with four-fold degeneracy represent a 3D Dirac point located at a TRIM.
Due to the presence of a quantized C ⊥ 2z eigenvalue, the band crossing points between two different doublet pairs can also generate 3D Dirac points. Namely, as long as the two crossing bands have different C ⊥ 2z eigenvalues, the crossing points are symmetry protected. In general, such a crossing between doublet pairs generates 4n (n is an integer) band crossing points, and the location of each Dirac point is away from TRIMs as shown in Fig. 1 
(c).
Line nodes protected by off-centered mirror symmetries.
An off-centered mirror symmetry can create a stable line node with four-fold degeneracy in systems with P and T symmetries. For convenience, let us consider
}, which transforms a spatial coordinate r in the following way,
From M 
In a plane invariant under M x , the eigenstates satisfy
to the momentum dependence of the eigenvalues, the two different M x eigensectors should be interchanged when either k y or k z is shifted by 2π.
Now we consider the combined effect of P and M
Thus in the k x = π plane, P and M
Moreover, since the time-reversal symmetry T commutes with both P and M ⊥ x , we obtain { M ⊥ x , P T } = 0, which gives rise to
Thus |Ψ ± (k) and P T |Ψ ± (k) , which are degenerate at the momentum k, have the same M }. It is straightforward to show that
Then in a 2D plane invariant under M x , we obtain
which shows that |Ψ ± (k) and P T |Ψ ± (k) , which are degenerate at the momentum k, belong to different eigensectors of M x symmetry. This means that when two bands, each doubly degenerate due to the P T symmetry, overlap, there always is some finite hybridization between them at a generic momentum, thus a stable line node cannot be protected by M x symmetry in a mirror invariant plane. Instead, stable Dirac point nodes are protected by an off-centered symmetry
In fact, the anticommutation relation between P and M ⊥ x puts a strong constraint on the band structure in the M ⊥ x invariant plane. Considering
we find that two energetically degenerate states |Ψ ± (k) and P |Ψ ± (k) , which are located at k and −k, respectively, have the opposite M ⊥ x eigenvalues. It is worth to remind that a Kramers pair at each momentum k, which are degenerate due to P T symmetry, have the same M 
Model.
To demonstrate the general idea discussed up to now, we construct a 3D tight-binding Hamiltonian on a tetragonal lattice, which is composed of 2D square lattices stacked along the z-direction as described in Fig. 3 . For a 2D layer, we adopt the lattice model proposed in Ref. 24 in which a unit cell contains two sublattice sites, labeled A and B, where the B sublattice is displaced by
Here we assume that both the in-plane and out-of-plane lattice constants to be unity. The vertical shift δ z makes the symmetry of the lattice to be non-symmorphic. Explicitly, the Hamiltonian in the real space is given bŷ
where t(r ij ) (t (r ij )) is the hopping amplitude between same (different) sublattice sites, and λ(r ij , r jk ) denotes the spin-orbit induced hopping amplitude between the same sublattice sites i and k through the site j belonging to the other sublattice. Here r ij = r i − r j and the Pauli matrix σ indicates the spin degrees of freedom. More detailed information about the lattice model is given in Methods.
Let us note thatĤ (0) possesses not only the time-reversal symmetry T and the inversion symmetry P but also the off-centered symmetries
}, thus the system corresponds to the space group No.59. The corresponding screw/glide symmetries can be defined as
}, and
}. By shifting the location of the B site relative to the A site in a unit cell, the symmetry of the Hamiltonian can be systematically lowered, thus one can examine the role of a particular symmetry to protect a relevant semimetal phase using a single lattice model. Hamiltonians, one can observe four Dirac points on the line k = (π, 0, k z ) and also k = (0, π, k z ) with k z ∈ (−π, π), respectively, as shown in Fig. 5 (b) . Here none of Dirac points is located at a TRIM in agreement with the prediction of the general theory, and the relevant band structure is also consistent with Fig. 1 (c) .
Time-reversal symmetry breaking and Fermi surface topology.
Since the stability of a Dirac point/line node requires the simultaneous presence of an off-
) together with the T and P , it is interesting to examine the influence of symmetry breaking on the band structure. In particular, we find that the breaking of time reversal symmetry, due to Zeeman effect from external magnetic field (H) or exchange coupling from doped magnetic ions, can create intriguing evolution in both the bulk and surface band structures, as summarized in Table I. In the case of the semimetal with Dirac point nodes protected by C ⊥ 2z symmetry, a Dirac point with four-fold degeneracy always splits into two Weyl points with two-fold degeneracy, which accompanies a Fermi arc connecting the two Weyl points as shown in Fig. 6 . More specifically, when H ẑ, the system preserves C ⊥ 2z symmetry, and the two Weyl points split from a Dirac point is shifted along the k z direction. On the other hand, when H ⊥ẑ, the split Weyl points move in the plane normal to the k z direction.
In the case of the semimetal with Dirac line nodes protected by M ⊥ x symmetry, the application of the external magnetic field causes more dramatic physical consequences. Firstly, when H x, thus the systems preserves M ⊥ x symmetry, a Dirac line node with four-fold degeneracy splits into two Weyl line nodes with two-fold degeneracy as shown in Fig. 7 . Here both the Dirac line node and the Weyl line nodes are located in the k x = π plane. Interestingly, the splitting of a Dirac line node is accompanied by emergent 2D surface states connecting the split Weyl line nodes, which originate from the π Berry phase around each Weyl line node. [25] [26] [27] [28] The stability of the Weyl line node can be understood in the following way. Since M ⊥ x symmetry is preserved in the whole k x = π plane even in the presence of magnetic field (H x), each eigenstate still carries a quantized M ⊥ x eigenvalues of ±i. Moreover, due to the inversion symmetry P satisfying
Since the breaking of time-reversal symmetry splits each two-fold degenerate band of zero field into two bands, the band structure has a configuration similar to the one shown in Fig. 2(c) . Let us note that a TRIM is invariant under the inversion as well. Each state is non-degenerate at any k except at TRIMs due to the broken time-reversal symmetry. A stable Table I .
Discussion
In centrosymmetric crystals, an off-centered two-fold rotation/mirror symmetry is obtained as a product of a glide mirror/two-fold rotation and inversion P . Namely, C It is worth to note that the presence of inversion symmetry is not necessary to have off-centered symmetries. Off-centered symmetries can exist, in general, as long as a nonsymmorphic crystal with screw/glide symmetries contain an additional point group symmetry such as mirror sym-metry whose reference point does not coincide with that of screw/glide symmetries. In noncentrosymmetric systems, stable Weyl point/line nodes with two-fold degeneracy can be protected by off-centered symmetry when two bands with different eigenvalues cross in the relevant invariant space.
Up to now, we have considered t ⊥ and t separately. However, in many nonsymmorphic crystals, t ⊥ and t coexist, which gives rise to off-centered screw/glide symmetries. Interestingly, the off-centered two-fold screw/glide symmetry can protect a single point/line node with four-fold degeneracy in an invariant space. For instance, let us consider a system corresponding to the space group No.14 containing T , {P |0}, and an off-centered glide mirror M
as shown in Fig. 9 (d-f) . Contrary to the semimetal protected by M BaTaS 3 is another material, which has stable Dirac line nodes with fourfold degeneracy in the presence of spin-orbit coupling. Interestingly, according to a recent first-principles calculation, 31 it is found that the nodal lines in this material have open shape, which is consistent with our model calculation shown in Fig. 2 (b) . In this system, due to the additional mirror symmetry whose invariant plane is orthogonal to that of the off-centered mirror symmetry, the nodal lines have open shape similar to the case shown in Fig. 8 (a) . Though the role of the additional mirror symmetry is emphasized in Ref. 31 , based on our theoretical consideration, we think that the presence of P , T , and an off-centered mirror is sufficient for the protection of the Dirac line node itself.
To sum up, we propose a general theoretical framework to understand a class of 3D semimetals the prediction based on noninteracting semimetals is perturbatively valid even in disordered (interacting) systems. 39, 40 To understand the role of strong electron correlation and disorder, and, in particular, the combined effect of them are important issues to be studied in future research.
Methods
Lattice model. In the momentum space, the tight-binding Hamiltonian in Eq. (20) can be written asĤ
where the Pauli matrices τ x,y,z denote the sublattice degrees of freedom.Ĥ (0) is invariant not only under the time-reversal symmetry T and the inversion symmetry P but also under the off-centered
}, and M 
The full Hamiltonian 
The full Hamiltonian H (0) (k) + δH (2) (k) supports nodal points protected by the C ⊥ 2z symmetry. The 8 × 8 Hamiltonian with the band structure shown in Fig. 5(b 
We have used the following parameters in the numerical calculations: t 1 = 1, t 2 = 0.15, Topological charge. The topological charges of a point node protected by C ⊥ 2z and a line node protected by M ⊥ x can be determined as follows. First, for a point node, a zero-dimensional topological invariant Q is defined as
where k N (k S ) is the k z momentum on the C ⊥ 2z invariant axis slightly above (below) the Dirac point, and N (k z ) is given by
where N 
thus
On the other hand, the inversion symmetry anti-commuting with C 2z requires
thus again
The constraint in Eq. (27) and Eq. (29) naturally leads to the band structure and the corresponding distribution of N (k z ) shown in Fig. 1 .
In the case of a line node protected by M ⊥ x , a zero-dimensional topological invariant Q can be defined as follows. For a given gapless point k on a line node in the k x = π plane, one can find two points k N and k S in a way that the line connecting them is normal to the tangential vector at k. Then the topological charge of a line node can be defined in the exactly the same way as in the case of the point node. Namely, a zero-dimensional topological invariant is defined as
where the definition of N (π, k y , k z ) is exactly the same as Eq. (25) . The topological invariant Q measures the change in N (k) across a line node in the k x = π plane.
There are several constraints on N (π, k y , k z ) imposed by the time-reversal and the inversion symmetries. Firstly, the anti-unitary time-reversal symmetry, which commutes with the M x requires
On the other hand, the inversion symmetry anti-commuting with M x requires
The constraint in Eq. (32) and Eq. (34) naturally leads to the band structure and the corresponding distribution of N (π, k y , k z ) shown in Fig. 2 .
It is worth to note that both time-reversal symmetry and inversion symmetry put the same constraint on the topological invariants as shown in Eq. (27) and Eq. (29) , and also in Eq. (32) 
where q is the momentum measured from the TRIM, m is the Dirac mass, and the gamma matrices mutually anticommute. The velocity is set equal to unity. We are going to see that the Dirac mass term mγ 0 is not allowed by symmetries.
Since T and P changes q → −q, the invariance of the Dirac Hamiltonian requires the gamma matrices to obey
The symmetry operators T , P , and C ⊥ 2z satisfy the following relations:
Since C ⊥ 2z changes q x,y → −q x,y , the invariance of the Hamiltonian under C ⊥ 2z leads to the relations
The Clifford algebra is constructed from the gamma matrices and the symmetry operators,
where J represents the imaginary unit "i" satisfying J 2 = −1 and {T, J} = 0. Here we have used the notation for the Clifford algebra Cl p,q = {e 1 , . . . , e p ; e p+1 , . . . , e p+q }, where the generators e j mutually anticommute and satisfy e 
The relevant classifying space is R 2−4+2 = R 0 , and π 0 (R 0 ) = Z. This implies that no Dirac mass is available, and a Dirac point has a Z topological charge.
We have seen in Fig. 5(b) that Dirac point nodes are shifted from TRIMs in the 8-band model.
Their stability can be understood with Clifford algebra as follows. We consider the Dirac Hamiltonian in Eq. (35) with (q x , q y , q z ) measured from a Dirac point away from TRIMs. In this case
T and P are not independent symmetries, and the product T P is the symmetry operator to be considered. It satisfies the relations
From he gamma matrices γ µ and the symmetry operators, we can construct the Clifford algebra
The existence condition of the Dirac mass term mγ 0 is determined from the extension problem
which is equivalent to the extension of complex Clifford algebra Cl 4 → Cl 5 , for which the relevant classifying space is C 4 = C 0 . Since π 0 (C 0 ) = Z, no Dirac mass term is available, and a Dirac point has an integer topological index.
Next, we prove the stability of the line nodes protected by M ⊥ x in the k x = π plane where
We prove the stability of line nodes in two steps . First, we show that two bands touch at TRIMs with k x = π. We consider the Dirac Hamiltonian
where (q x , q y ) is a momentum measured from a TRIM with k z = 0 or π. The gamma matrices satisfy the relations in Eqs. (36) and (37) . The symmetry operators satisfy
Since M ⊥ x changes the momentum q = (q x , q y , q z ) → (−q x , q y , q z ), the commutation relations between gamma matrices and M ⊥ x are given by
Around TRIMs, T and P can be treated as symmetry operators. We can construct the Clifford algebra
The existence condition of the Dirac mass term mγ 0 is determined by the extension problem
or equivalently, Cl 4 → Cl 5 . The relevant classifying space is C 4 = C 0 , and π 0 (C 0 ) = Z. Thus, no Dirac mass term is available. This means that the energy levels at these TRIMs are four-fold degenerate.
Next we fix k z to be constant different from 0 and π. We consider the Dirac Hamiltonian (46), where q x and q y are now understood to be momentum measured from a line node on the constant k z plane. Away from TRIMs, T and P are not independent symmetries, and instead the product T P is the symmetry operator to be considered. It obeys the relations
Let's consider if the Dirac mass term mγ 0 is allowed in the Dirac Hamiltonian (46) under the symmetries T P and M ⊥ x . The Clifford algebra is constructed from the symmetry operators and the gamma matrices:
The extension problem Cl 1,1 ⊗ Cl 2,0 → Cl 1,2 ⊗ Cl 2,0 is equivalent to Cl 3,1 → Cl 4,1 , which leads to the classifying space R 3+2−1 = R 4 ; π 0 (R 4 ) = Z. This means that a line node is topologically stable on the k x = π plane.
Low energy k · p Hamiltonian analysis. Here we construct the low energy effective 4 × 4
Hamiltonian near the momentum k = (π, 0, 0) to understand the nature of nodal points/lines depending on the symmetry of the system. We take the following representation of symmetry operators:
The effective Hamiltonian can be obtained by collecting all symmetry-allowed operators up to linear order in q = k − (π, 0, 0). In the following analysis we omit terms proportional to the unit 4 × 4 matrix for simplicity.
Firstly, the effective Hamiltonian invariant under T , P , and C ⊥ 2z has the form
with energy eigenvalues
There is a Dirac point at q = 0.
Secondly, the effective Hamiltonian invariant under T , P , and M ⊥ x has the form
whose energy eigenvalues are
There is a Dirac line node located at q x = 0 and v y q y + v z q z = 0.
Finally, the effective Hamiltonian invariant under T , P , C ⊥ 2z , and M ⊥ x has the form
There is a Dirac line located at q x = q y = 0. In all three cases, the influence of external magnetic field can be examined by adding a Zeeman term H · σ = h x σ x + h y σ y + h z σ z to H 0 , and the results of the analysis are summarized in Table I .
Single Dirac point/line node protected by off-centered screw/glide symmetries. kz which is momentum dependent. After straightforward calculation, one can find the following commutation relations
Thus, along the C ,⊥ 2z invariant lines with k x = π, we find
where
. Namely, the Kramers degenerate states related by P T at a momentum k have the same C ,⊥ 2z eigenvalues c ± (k z ) = ±ie
can see that two sets of degenerate bands having different C ,⊥ 2z eigenvalues should be interchanged when k z is shifted by 2π. Also, the fact that c ± (k z ) is pure imaginary (real) when k z = 0 (k z = π)
indicates that the two bands should be degenerate at k z = 0 to satisfy time-reversal symmetry.
This consideration naturally leads to the band structure shown in Fig. 9 (a-c) 
Oxford, 1972).
Candidate system Space group Relevant symmetry Shape of line nodes Number of line nodeŝ
SrIrO 3 62 C ,⊥ 2z and C 2y closed loop 1 (20) with/without the distortion described byĤ (1) in Eq. (22 the k x = π plane, which correspond to those marked by red circles in Fig. 2(c) . In the figures, U and S indicate the momenta equivalent to U and S, respectively. Crossing points between two doublet pairs form four Dirac points away from TRIM in both k = (π, 0, k z ) and k = (0, π, k z ) lines with k z ∈ [−π, π], which correspond to those marked by red circles in Fig. 1(c) . In the figures, U and S indicate the momenta equivalent to U and S, respectively. 
